Background. Current sacroiliac joint (SIJ) cooled radiofrequency (RF) is based on fluoroscopic anatomy of lateral branches (LBs) in three specimens. Recent studies confirm significant variation in LB positions.
Introduction
The sacroiliac joint (SIJ) is well known to be a cause of low back and/or buttock pain. The prevalence of SIJ pain is 10-28% depending on age [1] . In those with lumbar fusion, the prevalence increases to 32% [2, 3] .
There are many treatment options that have been endorsed for those with SIJ pain. One treatment option is V C 2017 American Academy of Pain Medicine. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com radiofrequency neurotomy (RFN), in which the afferent nerve supply to the posterior aspect of the joint is ablated. The innervation is via the posterior sacral network (PSN), a fine nerve plexus receiving contributions from the lateral branches of the posterior rami of S1-S3 6 L5/ S4. Several SIJ RFN techniques have been described, including monopolar, bipolar, strip, and cooled lesions. Cooled SIJ RFN creates a large-diameter spherical lesion that is theoretically attractive in its ability to more effectively accommodate for the variability in target nerve locations complicated by the irregular topography created by the dorsal sacral osseous anatomy and the dense posterior SIJ ligaments [4] .
Collectively, cooled SIJ RF has been clinically studied more than any other RF technique in the treatment of recalcitrant SIJ pain. These studies include two prospective randomized controlled trials [5, 6] , a prospective audit, and several retrospective reports [7] [8] [9] [10] [11] . Despite this, the target locations for cooled RF lesioning have been inconsistent between published reports, largely due to a variable interpretation of the fluoroscopic location of the target lateral branch nerves. This stems from 1) inconsistent anatomical data on the precise innervation of the SIJ, 2) incomplete understanding of the precise exiting location of the target lateral branches relative to the dorsal sacral foramen, and 3) the lack of an adequately powered radiographic study to map out the lateral branch anatomy relative to established osseous landmarks using consistent fluoroscopic imaging methodology. Recent anatomic studies by Roberts et al. and Cox and Fortin have described a variable course of the lateral branches and the posterior sacral network innervating the posterior SIJ [4, 12] . Neither of these studies described the fluoroscopic anatomy or ascertained accurate fluoroscopic targets for SIJ RF. In fact, the foundation for current lesion sites for cooled SIJ RF has largely been determined by a preliminary fluoroscopic study of only three specimens [13] .
This study aims to 1) affirm the precise fluoroscopic location of the lateral branch nerves (N ¼ 40 SIJs) and 2) determine if contemporary lesion sites using an imaging protocol of viewing the sacrum through the superior end plate of S1 is adequate to lesion 90% of target lateral branch nerves.
If lesion sites using the currently employed imaging protocol fail to adequately lesion the target lateral branch nerves, then alternative lesion sites and/or an alternative protocol of segment-specific imaging will be evaluated to determine if this would yield improved accuracy. Ultimately, it is hoped that this study will determine optimal fluoroscopic targets for cooled SIJ RF that could be clinically studied and potentially translated into improved outcomes for treatment of SIJ pain.
Methods
Forty SIJs in 20 cadaveric specimens (12 M/8 F; mean age ¼ 76.1 6 12.0 years) were exposed, along with the L5 dorsal ramus, S1-S4 lateral branches, and the PSN. Specimens had no visible evidence of pathology, previous surgery, or trauma. Ethics approval was received from the University of Toronto Health Sciences Research Ethics Board. Tissues superficial to lumbosacral multifidi were removed, followed by their fiber bundles, exposing the posterior aspect of the SIJ bilaterally. The short and long posterior sacroiliac ligaments and the superficial lamina of the sacrotuberous ligament were carefully excised to expose the lateral branches of the posterior rami of S1-S3 6 L5/S4 branching to form the PSN [4] . After dissection uncovered the nerves deep in the regional ligaments, 26 G of radiopaque wire (Beadalon, Valley Twp., PA, USA) was precisely sutured overlying the lateral branches and the medial part of the PSN (Figure 1 ).
To determine if there would be fluoroscopic magnification changes dependent on tissue thickness, a 10-mm radius epsilon (Halyard Health, Atlanta, GA, USA) was placed over the dorsal sacral foramen sequentially with different thicknesses of foam underlying the epsilon. Fluoroscopic images were saved for distances of 0, 20, 40, and 60 mm from the dorsal sacrum to the epsilon. These images were imported into Photoshop. For each image, the epsilon was measured for magnification changes.
For the fluoroscopic target evaluation, the fluoroscope (C-arm: OEC 9900 Elite 12 inch ESP standard, General Electric Healthcare Inc., Little Chalfont, Buckinghamshire, UK) was first directed to image Proposed Optimal Fluoroscopic Targets Cooled SIJ RF through the S1 superior end plate (SEP), and the epsilon center spoke was placed over the center of the posterior sacral foramen. Epsilons were affixed to their location using plasticine. Epsilon positioning was determined by fluoroscopic imaging, rather than direct visualization of the specimen to mimic clinical application. Fluoroscopic images were captured and saved for S1, S2, and S3 sequentially ( Figure 2 ).
Next, segment-specific imaging was performed by tilting the fluoroscope through the vestigial disc space for each specific level, rather than the S1 superior end plate. The fluoroscope tilt was optimized to S1-2 disc space for S1, S2-3 for S2, and S3-4 for S3. For each level, a separate image was captured with the new degree of tilt through the segmental vestigial disc space. Prior epsilon position was not initially altered in order to demonstrate the change in proximity of targets to lateral branches ( Figure 3A ). The epsilon placement was then refined to lie appropriately over the foramina with the new fluoroscopic tilt through the vestigial disc space. A new image was captured after refining the epsilon placement under fluoroscopy ( Figure 3B ). Identical methodology was utilized for the S2 and S3 levels and for each side of the 20 specimens.
The images were then imported to Adobe Photoshop, where a clockface overlay was centered overlying the epsilon (Figure 4) . The most commonly used targets as extrapolated from the Yin study [13] were plotted on the Photoshop images using the clockface. The current targets plotted were 10 mm lateral to the center of the foramen. On the left, for S1 and S2, targets were 6:30, 8:00, and 9:30. For S3, the targets were 8:00 and 9:30. Mirror targets were determined on the right. For S1 and S2, the targets were 2:30, 4:00, and 5:30. For S3, the targets were 4:00 and 2:30.
The Photoshop measurement tool was used to record the size of the epsilon to calibrate the magnification unique to each image. The distance from target nerves to the ideal needle target positions for each target lateral branch was determined by two of the investigators collaboratively performing each measurement on a shared computer screen with agreement on each target nerve and measurement.
A conservative cooled RF lesion size estimate of 8 mm in diameter was used for the purposes of this study. A 9.9-mm diameter lesion has been demonstrated in ex vivo homogenous bovine liver with an 18-G 4-mm cooled RF tip [14] . As the posterior sacrum has osseous clefts and dense ligaments that may be partially calcified, a more conservative 4-mm radius lesion size was used in determining whether the target nerves would have been successfully ablated from each lesion position studied.
For each target nerve, the distance to the nearest ideal RF probe placement was measured in Photoshop. The magnification error for each image was accounted for using a simple ratio calculation. The diameter of the epsilon is 20 mm. The size of the epsilon on each digital image was recorded. The distance of each target nerve from the ideal RF probe location was recorded. If the true distance was greater than 4 mm, then it was recorded that the target nerve would not be lesioned (i.e., a miss). The miss location was recorded as a clockface coordinate where the nerve crossed the circular path of the epsilon. This process was performed for each specimen with targets visualized on fluoroscopic imaging through the S1 SEP and again with segment-specific imaging through each vestigial disc space. The L5 primary dorsal ramus was excluded from calculations and assumed to be successfully lesioned separately using established, modern monopolar lesioning techniques [15] .
In the present study, the lateral branches were defined as nerves that course laterally toward the posterior SIJ, whereas the arcades were defined as communicating nerves that course vertically between adjacent posterior sacral foramina ( Figure 5 ). It is not necessary to ablate the arcades because they contain afferent nerve fibers that first course through the lateral branches. Therefore, ablating the lateral branches would ablate the afferent nerve fibers that make up the arcades. Thus, the miss rate for lesioning the target nerves at each foramen was calculated for the lateral branches only. The miss rate for each SIJ was then calculated under the assumption that all target lateral branch nerves to each Figure 2 Fluoroscopic image, AP, tilted through the S1 superior end plate (SEP), epsilon rulers placed over the S1 dorsal foramen. joint would need to be lesioned to be considered a complete and successful SIJ neurotomy. The overall rate of complete denervation was then calculated for all 40 SIJs.
Once it was determined that the contemporary method for lesioning the target lateral branch nerves would not meet the proposed criteria for successfully lesioning 90% of the SIJs regardless of the degree of fluoroscopic tilt, new targets were determined. This was done by compiling all the hits and misses by RF probe location and proposing alternate RF probe locations, such that the hit rate might be optimized.
Using the images with the fluoroscopic imaging through the S1 superior end plate, the distance from each new RF probe location to each target nerve was again calculated in the same manner as above with the newly proposed targets. The miss rates for each foramen and each SIJ were separately calculated.
Results
With the tissue resected, imaging the specimen with the epsilon placed 0-60 mm from the surface of the specimen caused no measurable change in magnification of the epsilon. It was determined that a correction factor for lack of tissue overlying the sacrum was unnecessary. 
Proposed Optimal Fluoroscopic Targets Cooled SIJ RF
Focusing solely on the target lateral branch nerves coursing laterally toward the posterior SIJ, the miss rate per foramen was calculated to be 9.38% for S1, 0.99% for S2, and 35% for S3. The rate of SIJs that were completely denervated was 60%. Commonly accepted cooled RF probe locations with SEP imaging were determined to be insufficient to lesion the SIJ [13] .
Using the same cooled RF probe placement with segment-specific fluoroscopic imaging through each individual disc space increased the miss rate of the lateral branches by an average of 7.33%. Additionally, this technique was laborious even in the most ideal imaging setting. Due to the limitations of segment-specific Figure 5 Fluoroscopic determination of arcades vs lateral branch nerves. Figure 6 All lateral branches from all specimens in overlay. Figure 7 All lateral branches from all specimens in overlay with clockface and 8-mm lesion sites.
imaging, new proposed RF probe placement would be determined only using fluoroscopy with a tilt aligning with the SEP of S1.
By compiling the areas on the clockface at each location that had the greatest number of misses, new targets were determined. For the right side, these are as follows: 4:30 and 6:00 for S1; 2:30, 4:00, and 5:30 for S2 (unchanged); and 1:00 and 2:30 for S3. The targets for the left are the mirror image of the right: 6:00 and 7:30 for S1; 6:30, 8:00, and 9:30 for S2; 9:30 and 11:00 for S3.
Using these targets, the miss rate for each foramen was determined to be 2.78% for S1, 0.99% for S2 (unchanged), and 0% for S3 (Table 2 ). The rate of successful lesioning of all lateral branches to each SIJ is calculated to be 95% (Table 3) . Again, this rate assumes successful lesioning of the L5 PDR using the current and valid RFN technique [15] .
Discussion
Reported prospective outcomes from cooled RFN of the SIJ [5] [6] [7] are not as robust as reported with RFN of other synovial joints in the spinal axis [16] [17] [18] [19] [20] [21] [22] . Target needle locations and fluoroscopic angle for sacral imaging vary widely in the literature [4] [5] [6] [7] [8] [9] [10] [11] . The lack of precise validated anatomic targets for lateral branch blocks for diagnostic selection and treatment by cooled SIJ RFN likely contributes to the less than ideal clinical outcomes seen with cooled SIJ RFN to date [23, 24] .
From this fluoroscopic anatomical study, it is evident that the targets described in prior cooled SIJ RFN studies may have resulted in incomplete lesioning of target lateral branch nerves in as many as 40% of SIJs treated.
Our present study suggests that successful lesioning of all target lateral branch nerves to the SIJ may be increased from 60% with prior targets to 95% with newly defined targets. These targets for cooled RF probe placement are defined as 10 mm lateral from the center of the dorsal sacral foramen, along the dorsal surface of the sacrum at 4:30 and 6:00 for S1; at 2:30, 4:00, and 5:30 for S2; and at 1:00 and 2:30 for S3 on the right; and the corresponding mirror targets for the left are at 6:00 and 7:30 for S1; at 6:30, 8:00, and 9:30 for S2; and at 9:30 and 11:00 for S3. The aforementioned success rates assume that the L5 primary dorsal ramus (PDR) has been appropriately treated with conventional lesioning methods [15] . It should be noted the L5 PDR has an inconsistent contribution to the PSN, but it should also be lesioned.
Imaging through the vestigial disc space at each level did not improve the rate of successful lesioning. Furthermore, it was noted that some dorsal sacral foramina are quite large, more so than fluoroscopy would suggest. Especially at the caudal target for S1, it is remarkably easy for the needle to enter the foramen. We recommend using a 10-mm radius epsilon ruler (Halyard Health, Atlanta, GA, USA) or other measuring device. Staying 10 mm from the center of the foramen helps avoid this potential complication, but cannot prevent it. The lateral view must be employed to assure the needle has not progressed ventral into the posterior foramen toward the sacral canal.
There are several limitations in this study. This includes a sample size of 20 cadaveric specimens (N ¼ 40 SIJs) from a single region of Canada. This sample cannot account for all anatomical variations across all populations and ages. LBs refers to the posterior sacral lateral branches that travel laterally to innervate the posterior sacroiliac joint complex.
Additionally, we assumed a lesion size of 8 mm. This study cannot confirm that an in vivo SIJ cooled RFN lesion size is at least 8 mm, and if this were not a valid assumption, the results of this study would be different. Conversely, if the true in vivo lesion size is more than 8 mm (such as 9.9 mm, seen in ex vivo studies [4]), the rate of successful denervation might be greater than reported in this study.
The contribution of anterior innervation not treatable by blockade of the lateral branches should be considered [25] . Though, in properly selected patients through multidepth, multisite lateral branch blocks, this limitation should not substantially affect outcomes.
We propose that these new targets also be used for controlled diagnostic lateral branch blocks in order to optimize candidates for cooled SIJ RFN. We appreciate that these targets vary from those established in the validating randomized controlled trial on lateral branch blocks, but that study was limited by not being privy to adequate fluoroscopic anatomy of the target nerves at that time [26] .
Standardized and meticulous placement over the sacral lateral branches with these newly defined targets for cooled SIJ RFN in properly selected patients (via controlled lateral branch blocks) will potentially result in improved outcomes comparable to historic norms seen with conventional lumbar and cervical RFN, but this can only be determined through rigorous highquality trials.
